ABSTRACT: Nitrogen fixation rates were determined at approximately monthly intervals during spring/summer 2001 in the eastern Gotland Sea by means of the 15 N 2 method. Additionally, a comprehensive set of variables were measured in order to apply 3 different budget approaches for the determination of integrated nitrogen fixation: (1) the nutrient concept based on excess PO 4 owing to the low DIN/PO 4 ratios (6.8) in the winter surface water, (2) the CO 2 concept using a combined carbon/nitrogen mass balance and (3) the biomass concept based on the increase in total nitrogen during the cyanobacteria bloom. For the spring season (March to May) the budget approaches gave rise to postulating an additional nitrogen input of about 100 to 200 mmol m -2 . However, this was not attributed to nitrogen fixation because 15 N 2 rate measurements from several years did not show any significant nitrogen fixation during spring. Rate measurements integrated from May to August yielded a nitrogen fixation of 138 mmol m -2 , which was consistent with the estimate based on the biomass concept. The CO 2 concept resulted in a nitrogen input of 268 mmol m -2 from May to August. The nutrient concept was questionable because the excess PO 4 was consumed during spring and not transferred to the summer bloom. High PON/POP ratios in summer indicated that PO 4 release from particulate organic matter provided some of the PO 4 necessary for the primary production based on nitrogen fixation. The estimates obtained from the rate measurements and from the CO 2 concept are considered to represent the lower and upper limit for the nitrogen fixation in the Baltic Proper and correspond to a total nitrogen input of 434 000 and 792 000 t yr -1 respectively.
INTRODUCTION
The Baltic Sea is a shallow intracontinental sea with an area of about 400 000 km 2 , structured by large gulfs and deep central basins. Due to high nutrient input from the large drainage area (1 729 000 km 2 , Bergström & Carlsson 1994) and sluggish water exchange with the North Sea, eutrophication is a major environmental issue for the Baltic Sea. Additionally, blooms of cyanobacteria, mainly Nodularia spumigena and Aphanizomenon sp., contribute to the nutrient input by their ability for nitrogen fixation, an enzymatic process that converts molecular N 2 into organic nitrogen (cf. Sellner 1997) .
Early estimates of nitrogen fixation by Melvasalo et al. (1983) , Rönner (1985) and Leppänen et al. (1988) gave annual rates of 10 000 to 130 000 t N in the Baltic Proper and the Gulf of Finland. However, long-term measurements by Hübel & Hübel (1995) indicated that the annual rates may vary by a factor of 10. Most of the early investigations concentrated on the summer period when massive cyanobacteria blooms occur and facilitate sampling and enrichment by plankton net tows. Wasmund et al. (2001b) extended the measurements to the vegetation period (February to November) and included coccoid cyanobacteria as well as night measurements. This methodological improvement resulted in an increased mean annual nitrogen fixation (370 000 t N) in 1997 to 1998 for the Baltic Proper. A shortcoming of their estimate is due to a gap in the data series in June when the bloom development starts. Even if not visible as surface blooms, the nitro-gen-fixing cyanobacteria are already present in the trophogenic layer in June (Hübel & Hübel 1995 , Ohlendieck et al. 2000 . Hence, neglecting this period may lead to an underestimation of the annual nitrogen fixation.
The purpose of this study was to determine nitrogen fixation rates by the 15 N method with an enhanced temporal resolution of about 1 mo for the period March to October. Since cyanobacteria colonies show a patchy distribution, integration of the rates over time and space involves uncertainties which can hardly be quantified. Therefore, we also consider different integrating approaches to determine the annual nitrogen fixation. These are based on (1) the excess PO 4 available for nitrogen fixation after the spring bloom ('nutrient concept', Rahm et al. 2000) , (2) a combined surface water carbon/nitrogen budget ('CO 2 concept', Schneider et al. 2003) and (3) the temporal increase of total nitrogen compounds in the euphotic zone ('biomass concept', Larsson et al. 2001) . The results of these approaches are compared and their applicability is discussed.
MATERIALS AND METHODS
Investigation area. The investigations were conducted in the eastern Gotland Sea (44 390 km 2 ), which is the central deep area of the Baltic Proper (211 069 km 2 ). The Baltic Proper stretches from the entrances to the Gulfs of Bothnia, Finland and Riga in the north-east to the Darss Sill in the south-west ( Fig. 1) and is the area with the highest cyanobacteria concentration in the Baltic Sea (cf. Kahru et al. 1994) . The open Baltic Proper is permanently stratified by a halocline located between 60 and 80 m in the eastern Gotland Sea. During spring a thermocline develops and stabilises in summer. It separates the upper mixed layer from the intermediate water and hampers the diapycnal exchange. The phytoplankton bloom starts as soon as the upper mixed layer becomes shallower than the euphotic zone . The lower border of the intermediate water is marked by the halocline. Our investigations were performed at the Gotland Deep Stn (249 m) BMP J1 (57°19.20' N, 20°03.00' E) in the centre of the eastern Gotland Sea. The hydrographic-hydrochemical conditions in 2001 are described in detail by Nausch et al. (2002) .
Sampling. During 6 cruises a comprehensive measurement programme was performed at the central Stn BMP J1, each lasting 3 to 6 d, between 28 March and 4 September 2001 (see Table 1 ). Additional investigations with a reduced set of variables were carried out on 27 June and 6 October 2001. Temperature, salinity, oxygen and fluorescence were recorded using a CTD Seabird 911 with an oxygen sensor and a 2-channel Haardt fluorometer combined with a HydroBios rosette sampler containing twelve 5 l bottles. Water samples for chemical analysis were taken at 1, 5, 10, 15, 20, 30, 40, 50 and 60 m depths. A higher sampling depth resolution (1, 2.5, 5, 7.5, 10, 15 and occasionally 20 m) was applied for the determination of nitrogen fixation rates, chlorophyll a and phytoplankton biomass. Depth profiles for the light intensity were measured with a LI-COR Data Logger LI-1000 equipped with a spherical underwater light sensor.
Rate measurements. The 15 N tracer technique (Montoya et al. 1996) was applied to determine nitrogen fixation rates. Two samples from each standard depth were filled bubble-free into 250 ml incubation bottles and spiked with 0.5 ml 15 N 2 (99% 15 N 2 , Campro Scientific) via a gas-tight septum. The bottles were carefully shaken in order to achieve isotopic equilibrium between the gaseous 15 N 2 and natural dissolved N 2 . The samples were exposed to in situ light intensities by placing the bottles in plastic tubes covered with a screen for attenuation of the incident solar radiation. According to the measured radiation profiles, samples from 2.5, 5, 7.5, 10 and 15 m were in most of the exper- iments exposed to reduced light intensities of 30%, 15%, 7%, 4% and total darkness respectively. For the surface sample (approximately 1 m) both 100% and 50% light intensities were applied. In most cases the 15 m sample originated from below the thermocline. The samples were incubated at an unshaded place on deck and cooled with surface water. After 2 h of incubation, the samples were filtered onto precombusted Whatman GF/F filters and stored frozen until analysis with a continuous-flow isotope ratio mass spectrometer (Finnigan, Delta S). Pure N 2 calibrated against International Atomic Energy Agency standards (N1, N2, N3) was used as reference gas. The calculation of nitrogen fixation rates from the mass spectrometric 15 N data was performed according to Montoya et al. (1996) .
In order to integrate nitrogen fixation over the depth of the euphotic zone (1% light intensity, see Table 1) , the rates at the individual sampling depths were interpolated linearly. In order to account for the daily cycle (Wasmund et al. 2001b ), nitrogen fixation rates were obtained from 3 incubations at different times each day. Measurements in the morning (08:00 to 10:00 h), in the afternoon (14:00 to 16:00 h) and during the night (22:00 to 24:00 h) were considered to represent the time intervals from sunrise to noon, noon to sunset and for the night hours. By this strategy (6 depths in duplicate, 3 incubations), each daily value was based on 36 samples.
Analytical methods. Samples for the analysis of particulate organic carbon (POC) and particulate organic nitrogen (PON) were filtered on Whatman GF/F filters, stored at -20°C and analysed according to standard procedures using a CHN Analyser (model Vario el, Elementar Analysensysteme) (Ehrhardt & Koeve 1999) . The filtrate was sealed in ampoules, stored at -20°C and analysed for dissolved organic carbon (DOC) and dissolved nitrogen (DN) with a Shimadzu TOC5000 TOC analyser (Shimadzu) coupled to a Skalar ND10 total nitrogen detector (Skalar Analytical). The determination was based on high temperature catalytic oxidation of the dissolved organic material to CO 2 and NO and subsequent quantification of CO 2 by an infrared spectrometry and of NO by a chemiluminescent detector (Cauwet 1999 ). The quality of the analytical procedure was regularly checked by the use of reference material (Sharp 2002) . Dissolved organic nitrogen (DON) was determined from the difference between dissolved nitrogen and dissolved inorganic nitrogen (DIN).
Nutrient concentrations (phosphate, nitrate, nitrite, ammonium) were determined by standard photometric methods described by Rohde & Nehring (1979) and Grasshoff et al. (1983) . Samples for total and dissolved phosphorus were oxidised with an alkaline peroxodisulfate solution (Grasshoff et al. 1983 ) and subsequent photometric determination of PO 4 . Dissolved organic phosphorus (DOP) was obtained from the difference between dissolved phosphorus and inorganic PO 4 , whereas particulate organic phosphorus (POP) is the difference between total phosphorus and dissolved phosphorus.
For the determination of chlorophyll a and phaeopigment a, 250 to 500 ml of the water sample were filtered using Whatman GF/F filters. After storage at -20°C, the filters were extracted with 90% acetone according to a slightly modified procedure suggested by HEL-COM (1988) . The chlorophyll a and phaeopigment a fluorescence was determined with a TURNER fluorometer (10-AU-005) and the corresponding concentrations were calculated according to Jeffrey & Welschmeyer (1997) .
The preparation of integrated samples from 1, 2.5, 5, 7.5 and 10 m depth, preservation with acetic Lugol solution (KI/I 2 ) and counting with an inverted microscope for the determination of the phytoplankton biomass in the upper mixed layer were performed according to the HELCOM (1988) guidelines.
RESULTS

Nitrogen fixation rates
The mean daily nitrogen fixation rates for each cruise are shown in Table 1 for the upper mixed layer and in Table 2 for the intermediate water. The sum of these rates, which refer to nitrogen fixation in the euphotic zone for each measurement period, are given in Fig. 2 . In order to determine nitrogen fixation for the entire productive period, we assigned the start of the nitrogen fixation activity to 26 April 2001, when DIN fell below 0.1 mmol m -3 (Cruise report RV 'Argos' from 25 April to 28 April 2001, Swedish Meteorological and Hydrological Institute). Since no data were available for May, we used the mean of the fixation rates measured during May in 6 other years (Table 3 ). The smoothed seasonal nitrogen fixation curve ( Fig. 2 ) was used for integrating the rates for the periods between the cruises (Table 4 ). The total nitrogen fixation for the main productive period May to August was 139 mmol m -2 . The contribution of the post-bloom period from August to October (9 mmol N m -2 ) was insignificant.
Nutrient concept
A simple approach to estimating the new production of organic carbon is based on the nutrient consumption during the productive period and the use of Redfield's POC/PON (6.625) and/or POC/POP ratios (106). Winter nutrient concentrations in the Baltic Proper surface water are characterised by a mean DIN/PO 4 ratio of 7.9 (Matthäus et al. 2001 ) and exhibit a distinct PO 4 excess (DIN deficit) with regard to the demand by phytoplankton according to Redfield et al. (1963) . Hence, DIN is considered to limit the spring bloom in the Baltic Proper and may be used to calculate the new production during this early stage of the phytoplankton succession. However, new production continues due to the availability of excess PO 4 . The deficient nitrogen can be supplied by nitrogen fixation, which is consequently limited by Nitrogen fixation = ΔPO 4 × 16 -ΔDIN ΔPO 4 and ΔDIN are the concentration changes that refer to the time interval between 2 measurement campaigns. To calculate the changes in PO 4 , 3rd(2nd)-order polynomials were fitted to the measured PO 4 concentrations at Stn BMP J1 (Fig. 3a) and integrated over depth. Considering the entire period March to August, the PO 4 depletion extended to a depth of about 60 m and exceeded considerably the depth of the euphotic zone. This is attributed to the low stability of the spring thermocline, which is intermittently eroded by deeper mixing. As a consequence, nutrient consumption is also observed below the euphotic zone. , Herata et al. 2002) , the total consumed DIN was 208 mmol m -2 for the period March to August (Table 4) . Since 344 mmol m -2 are required for the PO 4 balance, the difference of 136 mmol m -2 may be attributed to nitrogen fixation. This value is consistent with the integrated nitrogen fixation rate measurements. However, a substantially higher nitrogen fixation rate was calculated when PON/POP ratios measured in the particulate organic matter (POM) during the cruises were used. The ratios (Table 1) . Considering the concurrent DIN consumption which was supplied mainly by atmospheric deposition, a nitrogen deficit of 14 mmol m -2 and 22 mmol m -2 was obtained based on the use of the conventional and the measured PON/POP ratios respectively (Table 4 ). This deficit was certainly compensated for by nitrogen fixation. However, the integrated nitrogen fixation measurements for this time span revealed a nitrogen fixation of 138 mmol m -2 . Hence, the nutrient concept yields a seasonal nitrogen fixation pattern in contrast to the results of the rate measurements. Schneider et al. (2003) used CO 2 partial pressure measurements which were performed during each of the cruises between March and September 2001 to establish a carbon balance for the upper mixed layer in the eastern Gotland Sea. Taking into account the CO 2 air/sea exchange, deepening of the upper mixed layer in late summer and seasonal changes of the DOC concentrations, the authors calculated the net community production for each monthly time interval. Using measured POC/PON ratios (Table 4) , the nitrogen demand was calculated and used to establish a nitrogen budget which accounted for changes in DIN and DON concentrations and for the atmospheric DIN deposition. The imbalance (deficit) in the budget was attributed to nitrogen supply by nitrogen fixation and amounted to 299 mmol m -2 for the period March to August with contributions of 108 mmol m -2 and 191 mmol m -2 from March to May and May to August respectively. Hence, the nitrogen fixation rate calculated for the entire period, and in particular for March to May, exceeded the results of the rate measurements substantially.
CO 2 concept
Biomass concept
The increase in total nitrogen (TN = DIN + PON + DON, N 2 excluded) in the euphotic zone during the productive period, including the fraction removed by sedimentation, is assumed to be caused by nitrogen fixation. Larsson et al. (2001) applied this approach to data from the western Gotland Sea by calculating the difference of the TN concentrations (ΔTN) in the upper 20 m and those below the thermocline (25 to 30 m). By using the difference between the 2 water layers, ΔTN, a possible bias by sampling water masses with a different nutrient background was avoided. The increase in ΔTN from one sampling to the next was attributed to nitrogen fixation. We applied this method to our monthly measurements by subtracting the TN at a depth of about 30 m from the TN in the euphotic zone. The contribution of atmospheric nitrogen deposition of 0.1 mmol m -2 d -1 (Herata et al. 2002) was subtracted, whereas a sedimentation rate of 24 to 42 mmol N m -2 mo -1 ) was added in order to determine the ΔTN increase assigned to nitrogen fixation (Table 4) . ) during March to May that cannot be attributed to nitrogen fixation. Larsson et al. (2001) also found this nutrient input and explained it by enhanced river water input during spring. Accepting this explanation also for the eastern Gotland Sea gives a reduced annual nitrogen fixation of 134 to 182 mmol m -2 .
DISCUSSION
Comparison of the different concepts for the period from March to May
Direct observations and measurements (Hübel & Hübel 1995 , Wasmund et al. 2001b ) have indicated that cyanobacteria blooms and nitrogen fixation in the Baltic Sea are insignificant during the period from March to May. In contrast, our budget approaches suggest a considerable nitrogen fixation for this period. The nitrogen deficit calculated for March to May (Table 4 ) from the nutrient concept was based on the observation that more PO 4 was available than needed for a balanced (PON/POP = 16) and DIN-limited primary production. As this excess PO 4 was also consumed, presumably in primary production, an additional nitrogen source should exist to replenish the deficit. Rahm et al. (2000) concluded this source was nitrogen fixation. The discrepancy between spring PO 4 consumption and summer nitrogen fixation requires phosphorus transfer, probably by storage. Storage of phosphorus by nitrogen-fixing cyanobacteria was reported by Huber & Hamel (1985) and Thompson et al. (1994) . This is consistent with studies by Larsson et al. (2001) , who found low POC/POP ratios in spring POM, indicating internal storage of phosphorus. However, our measurements showed no lowering of the POC/POP ratios, and we therefore question the storage hypothesis. Since no changes were observed in DOP concentrations either, the excess PO 4 (7.6 mmol m -2 ) must have been used for the production of organic matter (POP), which implies the input of additional nitrogen. Using the classical Redfield POC/PON ratio (16) the required nitrogen input amounts to 122 mmol m For the March to May time span, the CO 2 approach and the biomass concept also yielded additional nitrogen demands of 108 mmol m -2 (for the upper 15 m only) and of 64 to 91 mmol m -2 respectively (Table 4) . However, we hesitate to attribute these values to nitrogen fixation because nitrogen-fixing cyanobacteria were scarce at that time (Fig. 2) and no other indications exist for such an early nitrogen fixation. Nitrogen fixation should decrease the POC/PON ratio, but instead slightly increased values were observed for the period from March to May. A potential alternative internal nitrogen source is DON (Berg et al. 2003 , Berman & Bronk 2003 , Glibert et al. 2004 . But the slight reduction in the DON concentrations cannot replenish the large nitrogen deficit during this period. As a consequence, an external nitrogen source must exist which, however, could not be identified on the basis of our data.
Comparison of the different concepts for the period from May to August
The integrated measured nitrogen fixation rates amounted to 138 mmol N m -2 for the period from May to August. This magnitude is consistent with earlier studies (e.g. Wasmund et al. 2001b ). The nitrogen fixation rates derived from the nutrient concept were extremely low for the summer period (Table 1) because PO 4 was widely exhausted already in May. If the spring excess PO 4 was not stored in the system, the nitrogen-fixing cyanobacteria must have exploited another phosphorus source. Since the PON/POP ratios increased drastically from May (18.7) to July (35.4), selective release of PO 4 from the POP pool present in May may have provided some of the phosphorus. This was confirmed by Nausch et al. (2004) , who found that the development of plankton biomass was based on the intracellular phosphorus pool in July 2001. However, a rough estimate shows that a further source is necessary to close the phosphorus budget. Kononen et al. (1996) realised that the cyanobacteria bloom was initiated by an upwelling event that may have introduced new phosphorus into the system. But phosphorus inputs of the required magnitude by upwelling are unlikely in the deep central sea areas. Also, the nutrient exchange with the Bothnian Sea is low (Wulff et al. 2001) . Advection from shallower coastal areas where the water interacts with the sediment surface and picks up PO 4 is a possible source, however, whereas nutrient inputs by rivers do not reach the Gotland Sea in summer because they are rapidly consumed and diluted in the coastal waters (Humborg et al. 1998 , Wasmund et al. 2001a .
The decoupling between spring and summer phosphorus systems, i.e. the incomplete transfer of spring PO 4 to summer populations, implies that the nutrient concept is not applicable. The unrealistic low nitrogen fixation rates for the period May to August (Table 4) would become even lower if the decrease in the DON concentrations during May to June were included in the budget calculations.
The biomass concept is based on direct measurements of DIN, PON and DON without the need for conversions using elemental ratios. Taking into account the uncertainties involved in each of the approaches, the estimated nitrogen fixation rate of 134 to 182 mmol N m -2 agrees reasonably with the integrated rate measurements. The nitrogen fixation estimate based on the CO 2 concept was confined to the mixed layer and amounted to 191 ± 50 mmol N m -2 . This value will increase by about 40% if extended to the euphotic zone, assuming the same nitrogen fixation ratio between upper mixed layer and euphotic zone as in the rate measurements. Using this factor, a nitrogen fixation of 268 mmol N m -2 could be calculated for the euphotic zone from the CO 2 concept. We consider this estimate as an upper limit for nitrogen fixation because the CO 2 approach does not explicitly determine nitrogen fixation but assigns the closing term in a mass balance to nitrogen fixation. Hence any unknown nitrogen input term will lead to an overestimation of nitrogen fixation. However, samplings for nitrogen fixation rate measurements may miss the maximum of nitrogen fixation activity. Therefore, field measurements tend to an underestimation, and the value of 138 mmol N m -2 represents a lower limit.
Budget of nitrogen fixation
Since rate measurements did not show any evidence for early nitrogen fixation (March to May), the input of nitrogen resulting from the mass balance approaches in spring were not interpreted as nitrogen fixation. The high spring values of the nutrient concept would be applicable for estimations of nitrogen fixation if phosphorus transfer to the summer bloom were proved. The 3 different concepts were applied only for the main period of nitrogen fixation, lasting until the beginning of August. The results can roughly be considered as annual nitrogen fixation data. Rate measurements continued until 6 October 2001, at which time they still revealed some nitrogen fixation (9 mmol N m -2 ) after the cyanobacteria bloom. Adding this contribution led to an annual nitrogen fixation rate of 148 mmol N m -2 . This estimate is higher than the mean nitrogen fixation rates from 1997 and 1998 measured in the same region by Wasmund et al. (2001b) . Their value of 125 mmol N m -2 a -1 might be an underestimate because they missed the early stages of the bloom in June and early July. Ohlendieck et al. (2000) noticed that these early stages are especially active in nitrogen fixation. We can confirm this, since our highest nitrogen fixation was found on 10 June 2001 while the cyanobacteria biomass peak occurred on 13 July 2001 (Fig. 2) . Nitrogen fixation rates by Larsson et al. (2001) ranged from 61 to 140 mmol N m -2 a -1 in the years 1994 to 1998. Applying the nutrient concept, Rahm et al. (2000) estimated a nitrogen fixation rate of 14.3 to 214 mmol N m -2 a -1 in the Baltic Proper. Hübel & Hübel (1995) measured annual nitrogen fixation rates in the Gotland Sea between 3.4 and 37.1 mmol N m -2
. They found a maximum of 320 mmol N m -2 in 1975 in the Arkona Sea. Most other early investigations, compiled by Wasmund et al. (2001b) , underestimated nitrogen fixation substantially because of methodological drawbacks like loss of the small-sized fraction due to net sampling.
The advantage of our nutrient, biomass and CO 2 concepts is that they are based mainly on measurements of dissolved constituents, which are less susceptible to patchiness than particulate matter. Schneider et al. (2003) found a fairly even distribution of different dissolved substances in a station grid in the eastern Gotland Sea. Also, rate measurements in different areas of the Baltic Proper (Wasmund et al. 2001b) showed a widely homogenous distribution of the nitrogen fixation activity. Therefore, we considered the central station in the eastern Gotland Sea to be representative of the Baltic Proper and extrapolated our nitrogen fixation rates to the area of the entire Baltic Proper.
Since we included pico-and nanoplankton and the total vegetation period in our investigations, our estimate of nitrogen fixation in the entire Baltic Proper is higher than that based on previous data. From our rate measurements we calculated an annual nitrogen fixation of 434 000 t N, which is 4 times higher than earlier estimates (Melvasalo et al. 1983 , Rönner 1985 , Leppä-nen et al. 1988 ). This is not far from estimates by Wasmund et al. (2001b) and Larsson et al. (2001) . It is higher than the entire riverine load (363 000 t N yr -1 ) and more than twice the atmospheric load (185 000 t N yr -1 ) to the Baltic Proper (load data compiled by . Compared with the integrating concepts of estimation, the rate measurements (434 000 t N) mark the lower limit of a reliable range, whereas the upper limit results from the CO 2 concept (792 000 t N). The Baltic Proper is the marine region with the most intensive nitrogen fixation per area. It covers only 0.06% of the area of the world ocean but accounts for 0.3 to 0.6% of the global oceanic nitrogen fixation, which is 135 × 10 6 t N yr -1 according to Gruber (2004) .
